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ABSTRACT

The main motivation of this study is to investigate detailed
NOx and CO formation in high-pressure dump combustor fired
with lean premixed methane-air mixture using CFD-CRN hybrid
approach. Further, this study is extended to investigate the effect
of H2 enrichment on emission formation in the same combus-
tor. Three-dimensional steady RANS CFD simulations have been
performed using a Flamelet GeneratedManifold (FGM)model in
Simcenter STAR-CCM+ 2019.2 with the DRM22 reduced mech-
anism. The CFD simulations have been modelled along with all
three heat transfers modes: conduction, convection and radia-
tion. The conjugate heat transfer (CHT) approach and partici-
pating media radiation modelling have been used here. Initially,
CFD simulations are performed for five lean equivalence ratios
(q = 0.43-0.55, Tinlet= 673 K, Vinlet= 40 m/s) of pure methane-air
mixture operating at 5 bar. The exit temperature and flame-length
are compared with available experimental data. The automatic
chemical reactor network has been constructed from CFD data
and solved using the recently developed reactor network module
of Simcenter STAR-CCM+ 2019.2 in a single framework for each
cases. It is found out that the CRNs up to 10,000 PSRs can
provide adequate accuracy in exit NOx predictions compared to
experiments for pure methane cases. The contribution ofNOx for-
mation pathway, changes from N2O intermediate to thermal NO
as equivalence ratio increases. Further studies are performed for
two equivalence ratios (q = 0.43 and 0.50 to simulate the impact
ofH2 addition (up to 40% by volume) onNOx formation pathways
and CO emission. It is found out here that the contribution from
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NNH pathway increases for leaner equivalence ratio cases (q =
0.43), while thermal pathway slightly increases for q = 0.50 with
increase in H2 content from 0% to 40%.
Keywords: Emissions, H2-Enriched, Lean Premixed, Reactor
Network, NOx Pathways

1. INTRODUCTION
Emission estimations by using numerical methods or tools

are important requirements for the design, development and per-
formance analysis of future gas turbine combustors. Furthermore,
the prediction of pollutants that constitute a few ppm, requires use
of detailed chemical kineticmechanism in numerical simulations.
Using a detailed chemical kinetic mechanism with the complex
geometry and large size domain of an industrial burner incurs
large computational cost. Hence, many researchers as outlined
in review paper [1], have used hybrid computational fluid dy-
namics (CFD) and chemical reactor network (CRN) approaches
to estimate pollutants in various turbulent flames. This hybrid
approach have been first proposed and used by Ehrhardt [2, 3].
In this approach, it is required to use the CFD simulations for
mean flow field and major species in the combustor in order to
construct a chemical reactor network (CRN). The integration of
detailed chemical kinetic mechanism in chemical reactor network
is performed to solve CRNs for emission estimation [4, 5]. The
traditional hybrid CFD-CRN methods [1] have two kinds of lim-
itations: 1) construction of the reactor network model is based
on user experience and skills in order to divide the flow field
into difference PSRs (perfectly stirred reactors) and PFRs (plug
flow reactors), 2) solving large size of reactor network with de-
tailed chemical kinetics requires higher computational resources.
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The exit emissions in many simple combustors are estimated by
simply solving fewer than 100 reactors in a CRN in many stud-
ies [1]. However, in order to study the formation of emissions
in the various regions inside industrial combustors as well as
chemical formation pathways, it may be required to use a system-
atic approach for construction of large reactor network (sizes O
(103 ∼ 106)) from CFD data. As well as this, the quick solution
of CRNs can also facilitate the process of uncertainty quantifi-
cation and probabilistic modelling that requires a large number
of simulations [6, 7]. Some approaches [8] have used homo-
geneous zones, based on intervals of important flow parameters
(Temperature, mixture fraction, velocity) to construct the reac-
tor network. Further, the size of reactor network is limited by
the use of a detailed kinetic mechanism and the capability of
the solver to handle a large number of equations for each reactor
in the network. As recently reviewed by Yousefian et al. [1],
only KPP [9] and KPP-Smoke [10] (excluding currently used
STAR-CCM+ 2019.2) are able to solve large number of reactor
networks [4, 5] among various CRN solvers. In the qualitative
assessment of various CRN solver [1], most of the hybrid CFD-
CRN methods use different CFD and CRN frameworks, which
may require additional set-up time to construct CRN from CFD
data. Currently, CFD-CRN capabilities are being developed in
Simcenter STAR-CCM+ version 2019.2 [11] onward. The single
framework of STAR-CCM+ can be used for (1) CFD simulation,
(2) reactor network construction, (3) CRN solution and (4) graph-
ical post-processing of parameters. It overcomes the difficulties
of traditional CFD-CRN limitations as mentioned above. This
study aims to utilize the hybrid CFD-CRN approach in Simcen-
ter STAR-CCM+ to estimate detailed NOx and CO formation in
a lean premixed pure methane - air flame as well as H2 enriched
methane - air flame in a high-pressure combustor (Paul Scherrer
Institute (PSI) burner [12–14]).

Lean premixed combustion is an established technology for
stationary gas turbines fueled by natural gas to achieve lower
emissions and higher efficiency. However, due to growing con-
cern over climate change and the effects of pollutants on human
health, more stringent emission regulations are expected in fu-
ture. It is required to optimize the combustor system for further
lower emissions than current level. NOx and CO are two main
regulated pollutants for stationary gas turbines [15] and reliable
predictions of their formation in the combustor and mitigations
are important for future design and development of gas turbine
engines. Blending the fuel with hydrogen or other hydrocarbon
fuels is also one of the promising techniques to increase the lean
blowout limit and may reduce or keep the emissions at same level
[12]. Boschek et al. [12] have experimentally studied the effects
of adding hydrogen and propane to methane for increasing the
lean blowout limit and reducing NOx emission in a dump com-
bustor. Griebel et al. [13] have studied piloted and perfectly
premixed H2 addition effects on LBO and NOx emissions. In this
study, test cases performed by Gribel [12, 13] with perfectly pre-
mixed H2 addition up to 40% by volume at two lean equivalence
ratios are investigated along with pure methane-air cases for NOx
and CO emissions using Simcenter STAR-CCM+ 2019.2 [9].

Taamallah et al. [16] have reviewed fuel flexibility and emis-
sion trends of using hydrogen blends in natural gas fired as well

as syn-gas fired premixed combustors. In a premixedmethane-air
mixture, blending hydrogenmodifies the characteristics of flames
such as adiabatic flame temperature and laminar / turbulent burn-
ing velocity, auto-ignition characteristics. Because of the change
in flame characteristics, peak temperature and temperature dis-
tribution might get affected, which can lead to different NOx
formation pathways than the pure methane-air mixture. Rajpara
et al. [17] have investigated the effect of hydrogen addition on
combustion and emission in upward swirl can combustor fueled
with methane. It was found out that at constant heat input con-
dition, increase in hydrogen content up to 10% by mass leads to
increase in NOx level because of higher flame temperature, while
at constant volumetric conditions, increase in hydrogen content
up to 80% by volume leads to reduction in CO emissions with
marginal increase in NOx. Recently de Persis et al. [18] have
experimentally studied the effect of hydrogen addition in high
pressure counter flow premixed CH4/air flames for the pressure
ranging from 0.1 MPa to 0.7 MPa with 20% hydrogen substituted
to CH4 by volume. It is found that with increase in pressure,
the peak NOx increases. The kinetic analysis shows that there is
increase in thermal NO pathways at high pressures with hydro-
gen addition while N2O pathway contribution decreases. From
many previous studies, it can be said that hydrogen addition will
lead to increase in flame temperature, which may increase NOx
emission, but the kinetic pathway for NOx formation may depend
on combustor sizing and operating conditions etc.

In this study, the operating conditions of test cases [12] are
selected close to lean blow-out limit of methane-air mixture. The
NOx emissions at the exit for tested case are less than 2 ppmv
(15% dryO2) up to q = 0.53 for pure methane-air mixture. Accu-
rately predicting NOx emission of this small range is challenging
without proper heat transfer modelling. To summarize the whole
paper, the mean flow field from CFD simulation (with heat trans-
fer modelling) of a high pressure dump combustor are computed
by using the Flamelet Generated Manifold (FGM) model in Sim-
center STAR-CCM+ 2019.2. The construction and solution of
the reactor network have been performed in the same framework.
The advantages of reactor network in Simcenter STAR-CCM+
are that it uses clustering algorithm for automatic reactor net-
work creation in the same framework using the CFD data and it
utilizes variable time-stepping and efficient ODE integration of
CVODE solver [19] for large number of equations in the CRN
solver. These advantages leads to significant reduction in time for
reactor network construction and solution. The main objectives
of this study are as follows: (1) CFD-CRN study for the PSI
dump combustor operating at lean conditions for pure methane-
air as well as hydrogen enriched methane-air premixed flame, (2)
Investigate the effects of equivalence ratio as well as hydrogen
addition on NOx formation pathways.

2. DESCRIPTION OF TEST-CASE
The PSI burner [12–14] consists of a high-pressure combus-

tor of inner liner cross-section diameter of 75 mm as shown
Fig. 1a. The preheated methane-air premixed mixture flows
through a 25mmdiameter inlet pipe. In the experimental rig, pre-
heating to 673-873 K has been performed using an electric heater.
A perforated turbulence grid is placed in the inlet pipe to increase
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FIGURE 1: (A) DESCRIPTION OF TEST-CASE AND COMPUTA-
TIONAL DOMAIN (B) MESH USED FOR COMPUTATION

the turbulence in the flow field [13]. The current study focuses
on test cases based on one turbulence grid, g365 × g10, which
means 3 mm holes are placed to give 65% blockage of cross
section area of inlet, located at 10 times the diameter of holes
from the inlet plane of the dump combustor. In the PSI dump
combustor, flame stabilization occurs because of re-circulation
of flue gases in the sudden expansion zone. The experimental
combustor had optical access, which has been used for PIV mea-
surements in non-reacting cases [13] and OH-LIF, CH2O-LIF
measurements for reacting cases. Major species (CO2 and O2)
as well as NOx and CO are measured at the combustor exit by a
water-cooled gas probe connected to an exhaust gas analyzer. The
exhaust gas temperature has also been measured at the combustor
exit using a thermocouple. The measured temperatures are cor-
rected for heat losses due to radiation, convection and conduction
from thermocouple according to Siewert [14]. OH-LIF images
are used to locate the flame front from the image processing of
time-averaged images, as described by Griebel et al. [20].

This study simulates test cases for pure methane-air mix-
ture at the following conditions: preheat temperature of 673K,
lean premixed methane-air mixture of equivalence ratio q=0.43,
0.46, 0.50, 0.53 and 0.55, inlet velocity of 40 m/s, and operating
pressure of 5 bar. Further, 10% to 40% of H2 enrichment at
lean equivalence ratio q=0.43 and intermediate equivalence ratio
q=0.50 have also been studied. The flame front location and
corrected exit temperature, NOx and CO measured values are
used to validate CFD and analyze CFD-CRN results. The exit
NOx at these low equivalence ratios are under 2 ppm (15% dry
O2) [13] up to equivalence ratios 0.53. The distribution of NOx
formation inside the combustor is expected to be highly affected
by heat transfer distribution from the wall of the combustor. The
assumptions of adiabatic wall or isothermal wall are not suffi-
cient to predict the detailed emissions formation correctly using
CFD or CFD-CRN in this low range of under 2 ppmv. Hence the
realistic heat transfer modelling is important at these low equiv-
alence ratios. The combustor in experimental test-rig is cooled
by convective air discharged through the double walled quartz
tubes as shown in Fig. 1a. Other heat transfer modes prevalent
in the test-rig are conduction through the quartz walls and ra-
diation from the high temperature flame and reaction products.

Hence, the conjugate heat transfer approach with radiation heat
transfer modelling have been utilized in the CFD simulations by
simulating multiple solid and fluid domains as shown in Fig. 1b.

3. CFD-CRN METHODOLOGY
Steady three-dimensional CFD with conjugate heat transfer

approach and radiationmodelling is performed for various operat-
ing conditions, using Simcenter STAR-CCM+2019.2 [11]. Later,
CRN modelling has also been performed in the same framework.
Figure 1a shows the domain used for CFD simulations, with a 25
mm diameter inlet containing g365 × g10 turbulence grid. The
dump combustor has diameter of 75 mm, length of 380 mm and
an outlet pipe of 50 mm. The exit emission and temperatures
are calculated at center of plane located axially 450 mm from
the combustor inlet, the same location used in experiments by
Boscheck et al. [12]. As mentioned earlier, the whole compu-
tation domain consists of the main combustion domain, quartz
wall solid domain and fluid domain for cooling air in an annular
passage. The second quartz wall is not modelled, and the in-
ner layer of outer quartz wall is assumed isothermal at the same
temperature as cooling air.

3.1 Combustion Modelling
In all CFD cases, combustion modelling is performed using

the tabulated chemistry approach with the non-adiabatic Flamelet
GeneratedManifold (FGM)model in Simcenter STAR-CCM+ by
using DRM22 [21], reduced chemical kinetic mechanism. The
flame regime of the studied operating conditions, fall in the thin
reaction zone regime, because of highly stretched and highly
turbulent flames [14], hence the choice of FGM modelling is
appropriate. The FGM model in Simcenter STAR-CCM+ re-
quires generation of a five-dimensional pre-calculated FGM table
in mixture-fraction, unnormalized progress variable, their vari-
ances, and heat loss ratio. In the current study, FGM model
is implemented using a 1D premixed counter-flow flamelet con-
figuration to account for the flame strain effects. The progress
variable is defined based on equal weights of mass fraction of CO
and CO2. The variance of progress variable is modelled using a
transport equation. Along with reactant and complete combus-
tion product species, intermediate species CO, O, CH2O and OH
are tabulated in the FGM model. Thermal NO is also modelled
in the CFD simulations, where NOx chemistry is decoupled from
the flow and combustion simulation, and is solved by a transport
equation for NOx with a thermal NO source term. The thermal
NO source term is based on extended Zel’dovich mechanism and
has been calculated using four coefficients, which are stored in
FGM table [11]. Although Simcenter STAR-CCM+ uses adap-
tive generation of FGM table, three different sizes of final FGM
tables are tested for equivalence ratio q = 0.5, and it is found
that exit temperature does not vary more than 0.1%, while flame
length can vary up to 5%, while using different FGM table sizes.
Finally, FGM table with size as 13 × 72 × 22 × 51 × 5 is used for
all the calculations for heat loss, mixture fraction and its vari-
ance, progress variable and its variance, respectively. In order
to model combustion for H2-enriched methane-air mixture, dif-
ferent FGM tables have been generated for different volumetric
contents of H2 in CH4 using 1D premixed counter-flow flamelet.
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However, FGM tables are not changed for studying two different
equivalence ratios, q = 0.43 and 0.50 for each content of H2.

The multicomponent gas flow is modelled using the segre-
gated flow solver with the compressible ideal gas model, which
uses the SIMPLE type algorithm for pressure velocity coupling
[11]. The RANS Realizable : − n model is used for turbulence
modelling. Dinkelacker et al. [22] have studied the same PSI
combustor for various H2 concentration in premixed mixture at
various pressure level and concluded that the assumption of unity
Lewis number does not hold for modelling high-pressure turbu-
lent flames. Hence, in this study, mean molecular diffusivity and
thermal conductivity and dynamic viscosity have been modelled
as mixture averaged quantities based on flamelet species and
temperature with adjusted Turbulent Schmidt number ((2) =)
0.6 for flame length. As hydrogen molecular diffusivity is higher
than methane, hence for increased hydrogen contents in mixture,
turbulent Schmidt number has been further adjusted, which is
discussed in results section. In all the simulated cases, the oper-
ating pressure in the combustion domain is absolute 0.5 MPa. At
the inlet, a velocity inlet (40 m/s) boundary condition is used and
zero gradient boundary condition is used for all the variables at
outlet. The inner wall of quartz combustor tube is defined as the
interface with solid domain and energy transfer is modelled with
conjugate heat transfer.

3.2 Heat Transfer Modelling
Lyra et al. [23] have studied the same combustor with adi-

abatic wall boundary assumptions, comparing the exit NOx and
CO for three equivalence ratios and found 500 PSRs are suf-
ficient to compare against available experimental data. In the
above study, the exit NOx for two equivalence ratios (q = 0.43
and 0.50) were predicted well with 500 PSRs. The detailed NOx
formation studies may require higher number of PSRs with accu-
rate temperature distribution inwhole combustor. In order to have
accurate prediction of temperature distribution in combustor, con-
duction, convection and radiation heat transfer are modelled in
this study. The solid domain attached to the combustion domain
(in Fig. 1a) is modelled as a quartz wall by solving the energy
balance equation. The density for the quartz wall was set to be
constant (2200 :6/<3). The specific heat and thermal conduc-
tivity for quartz wall have been assigned as polynomial functions
according to Sergeev et al. [24]. Although the polynomial for
heat conductivity of quartz is available up to 800 K, the same
polynomial has been used for higher temperature in this study as-
suming that there will be not much variation in heat conductivity
at higher temperature. The convective heat transfer is modelled
with a second fluid domain (as shown in Fig. 1), which consists
of air discharged in the annular passage between the double wall
quartz tubes. The inner wall of outer quartz cylinder attached to
this fluid domain is modelled as isothermal wall of 673 K. The
second quartz wall is not modelled as solid. The radiation is
modelled with the participating media radiation model with the
optically thin flame assumption. Planck mean absorption coeffi-
cients for species CH4, CO2, CO and H2O have been modelled
as polynomials in temperature and the coefficients are accessed
from [25].

The data for heat loss for all the operating cases as well as

the fraction of discharge air passing through the annular passage
are not available in open literature. For the 5 bar operating
condition, only for equivalence ratio 0.5, the total heat loss data
is available in Chapter 4 of [14] as 8 ∼ 12%. Several trials have
been made to estimate discharge air passing through the annular
passage in order to achieve the heat loss from the combustor wall
as predicted in the experiments. It was found that 40 - 50% of
the total mass flow rate used in air discharge leads to correct
predictions of exit temperature and flame length compared to
experimental predictions. For all the cases studied in this work,
40% discharge air fraction has been used for cooling air, while
50% has been used only for higher equivalence ratios q = 0.53
and 0.55, where it may be possibly required to have higher cooling
because of high flame temperatures in higher equivalence ratios
mixtures.

Figure 1b shows the hexahedral computational mesh, which
was generated in Simcenter STAR-CCM+ 2019.2 with the cut-
cell method for all three domains with 5 prism layers near the
wall boundary and at interfaces. The mesh shown in Fig. 1b
has 1 mm cell size in the flame zone, while the turbulence grid
is discretized with 0.5 mm cells. The entire domain consists of
approximately 4.2 million cells. To perform a grid independence
study, one coarse grid with 2 mm cell size in the flame zone
(approx. 2.8 million cells) and one fine grid with 0.5 mm cell
size in the flame zone (approx. 6.8 million) are also simulated for
equivalence ratio case (q=0.5). Between medium (4.2 million)
and fine (6.8 million) mesh, there are no significant differences
in exit temperature predictions (less than 1%) and flame front
location (less than 5%). However, flame front location can be
adjusted by Turbulent Schmidt number. In the current study, the
medium mesh with 4.2 million grid size is used for all the cases.

3.3 CRN Modelling
After achieving a steady state solution for converged CFD re-

sults, chemical reactor network (CRN) studies are performed in
Simcenter STAR-CCM+ 2019.2. The process involves automatic
creation of a network of reactors, which are based on clusters
of CFD cells with selected homogeneous parameter intervals of
temperature, mixture fraction of reactants, products and inter-
mediate species, equivalence ratio, and solving the 0-D reactor
network using detailed chemistry. In the current study, the GRI
3.0 mechanism [21] has been used for solving reactor networks.
The clustering algorithm for creating the reactor network requires
inputs such as interval of clustering parameter, total number of
reactors in the network. The user chooses single or multiple pre-
defined or user-defined parameters for clustering and can provide
the finite interval for them. The clustering algorithm is based on
three steps. In the first step, a multi-dimensional table is created
based on the clustering parameters and their intervals e.g. the
target number of PSRs to create reactor-network is given 2000
and there are three parameters velocity, equivalence ratio and
temperature are selected for clustering with 20 intervals in each
parameters, the multi-dimensional table will be generated of size
20 × 20 × 20 or 8000. The CFD cells are then given indexes
or grouped based on the interval of clustering parameter in this
multi-dimensional table of 8000 indices. In the next step, the
non-connected cell clusters are split into different clusters. The
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third step is called agglomeration, in which the small cell clusters
are merged with their neighbours to achieve the required number
of clusters or reactors (in the above example 2000 PSRs).

There are two types of reactor available for solving the reactor
network: constant pressure reactors and perfectly stirred reactors
(PSRs). In this study, the reactor networks are solved using PSRs.
After creation of a reactor network, in each PSR, the convection
and diffusion mass fluxes ¤<8 9 are calculated from the cell face
fluxes to and from neighbouring reactors, here ¤<8 9 denotes the
mass flux into reactor 8 from reactor 9 . Species mass sources are
calculated from boundary inlets or any volumetric mass source,
and denoted as (8

:
for the reactor 8 and species : . The mass in

reactor 8 is denoted as <8 and reaction rate for the reactor 8 and
species : is donated as ¤A 8

:
The total mass flow into a reactor can

be defined as:

¤<8 =
#∑

9=1, 9≠8
¤<8 9 +

 ∑
:=1

(8: (1)

Here, # is total number of reactors and K is total number of
species. The PSR species conservation equation for reactor 8 is:

#∑
9=1, 9≠8

¤<8 9. 9: − ¤<8.
8
: = ¤<8 ¤A

8
: + (

8
: (2)

where, . 8
:
is species : mass fraction in reactor 8. In the limit of

single reactor, the standard PSR equation is obtained as:

. 8=
:
− .:
g

= ¤A: (3)

where g is the residence time in the single reactor, defined as
ratio of total mass in the reactor and mass flow rate. The energy
equation is not solved in the current CRN solver. As the mass
and volume of each reactor is constant and pressure is constant,
the temperature of each reactor is calculated using the equation
of state. The system of equations for the reactor network are
solved using the efficient integrator and fast CVODEODE Solver
[19] in Simcenter STAR-CCM+, which solves the large number
of reactors with lower computational cost.

4. RESULTS & DISCUSSION
The results are discussed in three subsections. In the first

subsection, the results obtained from CFD simulations with heat
transfer and radiation modelling have been discussed for studied
lean equivalence ratios of pure methane-air mixture as well as the
effect of H2 addition up to 40% by volume for two equivalence
ratios q = 0.43, 0.50. As it was mentioned earlier, CFD data have
been used as basis for creating chemical reactor network and com-
puting the mass fluxes in each reactor, hence it is important to
predict the the exit temperature and flame length in combustor as
close to experimental measurements. In the second subsection,
CFD-CRN results with respect to reactor network size indepen-
dence and estimated exit NOx and CO for all the cases have been
discussed. Finally NOx pathway analysis have been performed to
study the effect of equivalence ratio as well as H2 addition in the
last subsection.

FIGURE 2: (A) EXIT TEMPERATURE (B) NON-DIMENSIONAL FLAME
FRONT LOCATION FOR PURE METHANE-AIR MIXTURE

FIGURE 3: EFFECT OF H2 ADDITION ON (A) EXIT TEMPERATURE
(B) NON-DIMENSIONAL FLAME FRONT LOCATION FOR METHANE-
AIR MIXTURE

4.1 CFD Results
Figure 2a shows the comparison between calculated exit tem-

perature from CFD simulations and measured exit temperature
for various equivalence ratio changing from 0.43 to 0.55 of 100%
methane-air premixed mixture. In the experiments, [12] the exit
temperatures are measured at the center of exit plane located
at 450 mm from combustor inlet. Further, the measured tem-
peratures are corrected for heat loss due to conduction, convec-
tion and radiation from the thermocouple according to method
given in appendix of [14]. The corrected temperatures are ap-
proximately 60K ∼ 70K higher than the measured values. The
predicted temperatures from CFD results are compared with the
corrected temperatures. Adiabatic flame temperatures for each
equivalence ratios are also plotted, which gives indication of heat
losses through the combustor wall and radiation. For q = 0.43,
0.46 and 0.50, the exit temperature vary linearly along with adia-
batic flame temperature but for higher equivalence ratios for pure
methane there are slightly higher heat losses through combustor
and the exit temperature slightly deviates from linearity. It should
be noted that the air discharge in the annular passage has been
kept constant at 40% fraction for q = 0.43, 0.46 and 0.5, while
it needs to increase to 50% for higher equivalence ratios for q =
0.53 and 0.55 in order to accommodate the higher heat losses.
The experimental data [14] for relative heat loss (&;>BB/&;>03)
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from the combustor is available only for q = 0.50 at 5 bar as
8% ∼ 12%. It is observed that computed radiation relative losses
from CFD in all the examined cases are in range of 2% ∼ 4%
and can cause reduction in exit temperature up to 20K ∼ 30K.
Also, the radiation losses are from the flame surface, hence it was
important to model radiation to predict temperature distribution
in the combustor.

Figure 2b shows a comparison between the non-dimensional
axial flame front location for different equivalence ratios of pure
methane-air premixed mixture. The flame front is defined as
the inflection point on OH mass fraction plotted along the axis
of the combustor. There is no significant difference between
experiments and CFD flame front location for all the equivalence
ratio of pure methane-air premixed mixture. The flame length
is higher for lower equivalence ratio, while it decreases linearly
with increase in equivalence ratio. In combustion modelling, the
flame length can be adjusted with change in turbulent Schmidt
number ((2) ), however it has been kept constant for all the pure
methane-air as 0.60. Table 1 shows the turbulent Schmidt number
((2) ) and discharge air fraction for cooling air used for different
cases in this study. These two parameters (cooling air discharge
fraction andTurbulence Schmidt numbers) can be effectively used
as controlling parameter for exit temperature prediction and flame
front location in the current study.

Figure 3 plots the computed exit temperature as well as non-
dimensional flame front location fromCFD simulations related to
H2 addition up to 40% by volume for two equivalence ratios q =
0.43 and 0.50 along with experimental results. The experimental
exit temperatures in Fig. 3a, are plotted as corrected temperature
for 0 and 20% H2 addition. The computed exit temperature from
CFD matches with experimental corrected temperature. As the
H2 content increases, there is a slight increase in exit temperature
about 5 K for each 10% increase at both equivalence ratios. The
non-dimensional flame length (in Fig. 3b) decreases linearly, with
increase in H2 content for both equivalence ratio. The H2 is more
diffusive and reactive than methane and increase in its content
in mixture may lead to increase in flame temperature as well as
increase in flame speed, which causes reduction in flame length.
In the current study, unity Lewis Number assumption have not
been used and molecular diffusivity and thermal conductivity
have been modelled as mixture averaged quantities in Flamelet
table. However, it was required to reduce turbulent Schmidt
number ((2) ) in order to predict comparable flame length with
experimental data for 30% and 40% H2 addition at both equiva-
lence ratios. The reason for changing turbulent Schmidt number
is that the mixture averaged properties (dynamic viscosity) may
not be the effective estimation for higher content of hydrogen in
mixture. The turbulent Schmidt number has been adjusted to 0.3
for 40% H2 addition at both q = 0.43 and 0.50, while 0.35 and
0.50 for 30% H2 addition at q = 0.43 and 0.50, respectively. The
temperature contours are compared and discussed between CFD
and CFD-CRN in later section.

4.2 CFD-CRN Results
After achieving steady CFD results with satisfactory ac-

curacy in temperature distribution and flame length, automatic
reactor network construction and simulations are performed in

TABLE 1: PARAMETERS FOR CFD-CHT STUDY

q %CH4:%H2 turbulent
Schmidt
Number
((2) )

Fraction of
Discharge Air
for cooling

0.43 - 0.50 100:0 0.60 40%
0.53 and 0.55 100:0 0.60 50%

0.43 90:10 0.60 40%
80:20 0.60 40%
70:30 0.35 40%
60:40 0.30 40%

0.50 90:10 0.60 40%
80:20 0.60 40%
70:30 0.50 40%
60:40 0.30 40%

FIGURE 4: (A) EXIT NOx (NO + NO2) AND (B) EXIT COPREDICTIONS
WITH NUMBERS OF PSR IN REACTOR NETWORK STUDY FOR φ

=0.5, 100% METHANE-AIR MIXTURE,(C) DISTRIBUTION OF 10000
REACTORS BY REACTOR NETWORK INDEXES

Simcenter STAR-CCM+ using detailed GRI 3.0 chemical kinetic
mechanism [26]. The CRNs are created for each pure methane
and H2 enriched methane air cases, using finite intervals for three
CFD flow field parameters: temperature (T), equivalence ratio
(q), and axial velocity ({G). Hence, it is important that CFD
results should be as realistic as possible especially for tempera-
ture, velocity and fuel distribution in order to accurately capture
emissions from CRN. The temperature and equivalence ratio as
clustering parameter leads to the creation of multiple PSRs in
the flame front zone. The axial velocity as clustering parameter
can also be used to separate recirculation zones from the flame
front into different PSRs. The finite interval of parameters to
create homogeneous clusters of cells are used for automatic CRN
creation for all the cases. The maximum number for PSRs tested
for pure methane cases are up to 10,000, and for cases with H2
addition are up to 20,000.

In order to decide the sufficient number of PSRs to predict
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TABLE 2: PARAMETERS FOR CRN MODELLING (PURE METHANE
- AIR MIXTURE)

q PSRs Parameters

0.43 5000 Δ) = 5%, Δ+G = 5%, Δq = 0.1%
0.46 10000 Δ) = 1%, Δ+G = 2%, Δq = 2%
0.50 10000 Δ) = 1%, Δ+G = 2%, Δq = 2%
0.53 10000 Δ) = 2%, Δ+G = 2%, Δq = 2%
0.55 10000 Δ) = 2%, Δ+G = 2%, Δq = 2%

TABLE 3: PARAMETERS FOR CRN MODELLING (HYDROGEN EN-
RICHED METHANE - AIR MIXTURE)

%CH4:%H2 PSRs Parameters

q = 0.43
90:10 20000 Δ) = 1%, Δ+G = 2%, Δq = 2.0%
80:20 10000 Δ) = 2%, Δ+G = 2%, Δq = 0.1%
70:30 10000 Δ) = 2%, Δ+G = 2%, Δq = 0.1%
60:40 10000 Δ) = 2%, Δ+G = 2%, Δq = 0.1%

q = 0.50
90:10 3000 Δ) = 1%, Δ+G = 5%, Δq = 5%
80:20 10000 Δ) = 1%, Δ+G = 2%, Δq = 2%
70:30 20000 Δ) = 1%, Δ+G = 2%, Δq = 0.1%
60:40 20000 Δ) = 2%, Δ+G = 2%, Δq = 0.1%

emissions, CRN size independence study have been performed in
each case. Figure 4 shows the CRN size independence study for
equivalence ratio q = 0.50 case, where the exit NOx and CO vari-
ation (ppm vol. corrected for dry 15% O2) are plotted (Fig. 4a
and 4b) with number of PSR reactors in the reactor network.
Figure 4a also shows the thermal NO predicted at exit by thermal
NO modelling in tabulated CFD (dashed black line) and range of
measuredNOx at exit from experiments [12] (by red / blue dashed
line for low and high values, respectively). The CFD thermal NO
predictions are always found to be under-predicted for all the CFD
cases studied. Similarly, the experimentally measured CO at exit
[12] (with red line) and the over-predicted CO at the exit from the
tabulated CFD (dashed blue line) are also plotted in Fig. 4b. It
can be observed from Fig. 4a, that the exit NOx computed from
CFD-CRN fluctuates initially as number of PSRs are increased,
but after 5000 PSRs and at 10000 PSRs it is almost stable. Simi-
larly, in Fig. 4b, exit CO will become stable even after 500 PSRs
in pure methane case at q = 0.5. Although the exit NOx pre-
dicted by the reactor network is within the experimental range,
exit CO is slightly over predicted, compared to the experimental
value, but better than high over prediction by CFD. In the case of
pure methane (100% CH4) in premixed methane-air mixture, the
reactor network size independence study leads to same number of
PSRs as 10000 for all the equivalence ratios, except for q = 0.43.
The parameters of clustering and number of PSR are listed in Ta-
ble 2. The percentage interval of clustering parameter represents
the relative interval with respect to maxima and minima of the
parameter in domain. Figure 4c shows the distribution of reactor
networks in the combustion domain for pure methane at q = 0.5
with 10000 PSRs. However, with H2 addition, it was required to

FIGURE 5: CFD AND CFD-CRN TEMPERATURE CONTOUR COM-
PARISON FOR PURE METHANE (LEFT, φ = 0.43, 0.50 AND 0.55)
AND 20% H2 ADDITION (RIGHT, φ = 0.43 AND 0.5).

use up to 20000 PSRs to predict the exit NOx and CO, indepen-
dent of number of reactors. Table 3 shows various numbers of
PSR and clustering parameters for cases with H2 addition up to
40%. The current version of Simcenter STAR-CCM+ 2019.2, re-
actor network module does not solve the energy equation. Since,
it uses the fast ODE solver CVODE [19], the reactor network
solver computes quickly within 0.25 hours for 10000 PSRs (on
Intel i7, 3.2 GHz CPU with 32 GB RAM in parallel simulation).

Figure 5 shows the temperature contours from CFD and
CFD-CRN studies for different equivalence ratios of pure
methane-air mixture as well as for 20% H2 addition for equiv-
alence ratios q = 0.43 and 0.50. Among the studied equiva-
lence ratios for pure methane-air mixtures, higher equivalence
ratio shows higher flame temperature and shorter flame length,
while leaner equivalence ratio shows lower flame temperature
with longer flame length in CFD. With H2 addition, it can be
seen that the flame length will be slightly reduced in comparison
to pure methane cases and the flame temperature have slightly
increased with H2 addition because of higher reactivity of H2.
CFD-CRN predicts the similar temperature profile with 5000
PSRs for equivalence ratios q = 0.43, and 10000 PSRs for q =
0.50, 0.55 of pure methane-air mixture and 20% H2 addition also
for q = 0.43 and 0.50 with 10000 PSRs. However, closer look in
the contour profile shows some homogeneous patches in temper-
ature for CFD-CRN, which was expected as the reactor networks
model is created from large computation grid to clustered cells
of homogeneous zones. Figure 6a shows the comparison be-
tween the NOx (NO + NO2) predicted at the exit by CFD-CRN
method for pure methane (100%)-air premixed mixture for five
equivalence ratios and the measured experimental exit NOx[12]
(up to q = 0.53). The thermal NO predicted by only CFD also
have been plotted along with these predictions. Further, Fig. 6b
shows the exit CO predictions by CFD-CRN and compared with
the experimental measurements of exit CO [12] (up to q = 0.53).
Again, CFD predictions of exit CO based on FGM table have
also been plotted here. Figure 6a shows that increase in equiva-
lence ratio from q =0.43 to 0.55 leads to exponential increase in
CFD-CRN predicted exit NOx. CFD predictions with tabulated
FGM method and thermal NO modelling are always lower than
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FIGURE 6: CFD-CRN (A) EXIT NOx (B) EXIT CO PREDICTIONS FOR
PURE METHANE (100%)-AIR MIXTURE, COMPARISON WITH EX-
PERIMENTAL RESULTS AND CFD ONLY PREDICTION

FIGURE 7: EFFECT OF H2 ADDITION ON (A) EXIT NOx (B) EXIT CO
CFD-CRN PREDICTIONS AT φ = 0.43 AND 0.50 UP TO 40% H2 BY
VOLUME

the experimental measurements. CFD-CRN predictions with de-
tailed chemical kinetic mechanism GRI3.0 matches closely for
three equivalence ratios q = 0.43, 0.46 and 0.50, while slightly
deviates for q = 0.53 than the experimental measurements. For
q = 0.55, experimental data is not available, however, CFD-CRN
predictions of exit NOx follows the same exponential trend. The
experimental exit CO measurements in Fig 6b for all the equiv-
alence ratios are lower than 1 ppmv (corrected for dry 15% O2)
except for lean mixture of q = 0.43 and it reduces with increase
in equivalence ratio. However, CFD prediction with DRM22
mechanism and tabulated chemistry shows high over predictions
of exit CO, and opposite trend than the experimental measure-
ments as it slightly increases with increase in equivalence ratios.
The prediction from CFD-CRN method with detailed chemical
kinetic mechanism GRI3.0 are close to experimental values, ex-
cept q =0.43 but the trend is similar to CFD predictions. The
reason for the measured values of exit CO to be different than the
predicted value can be because this equivalence ratio q =0.43,
is close to lean blowout limit for pure methane-air mixture, in
experiments, there might be high unsteady effects, which reflects
in wide range of measured values.

Figure 7 shows the effect of hydrogen addition up to 40%
by volume to the methane-air mixture at two equivalence ratios
q = 0.43 and 0.50 on exit NOx and CO predictions by CFD-CRN

method. At both equivalence ratios q = 0.43 and 0.50, CFD
predictions of thermal NO modelling are almost 40% lower than
the experimental measurements for all 10% to 40% H2 additions.
CFD-CRN predictions of exit NOx matches closely with experi-
mental measurements at both equivalence ratios. However, there
is slight deviation less than 4% for 10% H2 addition for q =

0.50. Exit CO estimations are again highly over-predicted from
the tabulated CFD simulations for all the cases. CFD-CRN pre-
dictions of exit CO are close to experimental values, except for
pure methane at q = 0.43. The above results shows that the CFD-
CRN approach can predict the exit NOx well for range of lean
equivalence ratios as well as forH2 addition up to 40%. However,
exit CO predictions are somewhat close to experiments, but do
not follow the same trend as experiments. To have exit CO pre-
diction close to experiments, two approaches in future study can
be utilized: 1) test of different detailed kinetic mechanism or 2)
develop CFD-CRN method based on unsteady CFD simulations.

4.3 NOx Formation Pathways
The reactor network solution can be further utilized to

analyze the NOx formation pathways in various regions of
combustors. Usually, NOx (NO+ NO2) can be formed via
different chemical routes: (1) Thermal (Zel’dovich) NO (2)
Prompt (Fenimore), (3) N2O Intermediate, (4) Oxidation
of NO to NO2 (5) formation of NNH and (6) fuel bound
Nitrogen [4]. In this study, the fuel is either pure methane
or H2 enriched methane, hence, fuel bound nitrogen pathway
is not active. Further, GRI 3.0 mechanism [26] is used to
compute the chemical reactor network with full NOx chemistry
as well as different separate pathway chemistry by switching
off important reactions for first five pathways as mentioned
above according to [4]. The next subsections will discuss about
NOx formation pathways at the exit as well as in combustor zones.

4.3.1 Exit NOx Formation Pathways. Figure 8a shows the
exit NOx formation in ppm by volume, adjusted to 15% dry O2
for pure methane-air mixture at different equivalence ratios w.r.t.
different NOx formation pathways. The total absolute values of
exit NOx are increasing with increase in equivalence ratio. The
percentage contribution ofNOx formation from various pathways
are plotted in Fig. 8b. The main contribution of NOx formation
comes from thermal and nitrous oxide N2O intermediate path-
ways for pure methane-air premixed mixture. It can be seen that
the NOx formation by the thermal route increases from 5% to
35% with increase in equivalence ratio from q = 0.43 to 0.55
because of increase in flame temperature for higher equivalence
ratios. The N2O intermediate is prevalent in all the conditions
because the combustor is operating at high pressure of 5 bar and
N2O pathway is promoted because of third body reaction at high
pressure. It is observed that although the percentage contribu-
tion of N2O pathway is reducing with increase in equivalence
ratio, the absolute values of NOx formation through N2O path-
way is increasing with increase in equivalence ratio. It should
also be noted that NOx formation by prompt and NNH pathways
increases with increase in equivalence ratio. However, in terms
of percentage contribution, there is no significant change. The
CFD prediction of exit NO was based on thermal NO modelling,
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FIGURE 8: EXIT NOx PATHWAY PREDICTION (A) ABSOLUTE
VALUE (B) % CONTRIBUTION FROM EACH PATHWAY FOR 100%
METHANE-AIR MIXTURE

FIGURE 9: EXIT NOx PATHWAY % CONTRIBUTION (A) φ = 0.43 (B)
φ = 0.50, WITH H2 ADDITION

while CFD-CRN prediction of NOx is chemical kinetically con-
trolled. The differences in thermal pathway contribution of NOx
from CFD-CRN and CFD predicted thermal NO is because of
difference in prediction methods. However, it is observed that
CFD predicted thermal NO is always lesser than thermal NOx
contribution from CFD-CRN.

Figure 9 shows the exit NOx formation contribution by dif-
ferent chemical routes for H2 addition at two equivalence ratios
q = 0.43 to 0.50. In case of leaner equivalence ratio (q = 0.43),
the percentage contribution of N2O pathway decreases from 79%
to 65%, with increase in H2 content. However, there is slight
increase in percentage contribution from thermal pathway as the
flame temperature increases 5∼ 10 K with increase in H2 content.
The NNH pathway contribution increases from 12% to 21% for
leaner equivalence ratio with increase in H2 content. The reason
for this may be because there will be higher availability of O2 and
oxygen atoms, with increase in H2 content in mixture, that can
facilitate, oxidation of short-lived NiHj to NO. In case of equiva-
lence ratio q = 0.50, there is not significant changes in percentage
contribution from NNH Pathway and Prompt pathway with H2
increase. Because of slight increase in flame temperature, the
thermal route contribute slightly higher in NOx formation and
proportionally there is decrease in contribution from (N2O) path-
way. It can be concluded here, that H2 addition at lean condition
may lead to higher increase in NNH pathway of NOx formation.

FIGURE 10: DETAILED NOx FORMATION FROM DIFFERENT PATH-
WAYS AT φ =0.50 WITH 100% METHANE AIR MIXTURE

4.3.2 NOx Formation Pathways in Combustor. The CRN
studywith large number of reactors ismotivated because of its po-
tential to understand the details of emission formation in various
zones of real combustor e.g. pre-heat, flame-zone or post-flame
zones, recirculation zones. In this section, NOx formation in
the combustor domain have been studied. Figure 10 shows the
z-plane section of combustor with NOx formation (in ppmv /15%
dry O2) from different pathways for equivalence ratio q =0.50 of
100% methane-air mixture. Further, Fig. 11 shows the NOx for-
mation along the combustor axis (left) and radial direction (right)
across the flame (at location 75mm from the dump inlet) for three
equivalence ratios (q = 0.43, 0.50 and 0.55). In Fig 10, all the
individual pathways scaled up to clearly visualize the NOx varia-
tions. As mentioned earlier that in the high pressure combustor,
the main contribution of NOx formation comes from thermal
pathway and nitrous oxide (N2O) intermediate pathways for lean
mixtures of pure methane. At lean mixtures, N2O pathway is
promoted in the regions of high pressure because it initiates from
third body reaction. In this study at equivalence ratio q =0.50,
the maximum contribution comes from N2O intermediate path-
way in the post flame and recirculation regions. The thermal
pathway contributed in high temperature zones. Further NNH
pathway contribution is higher in axial direction of post-flame.
And prompt pathway contributesmaximum in the flame thickness
zone. There is almost negligible contribution from NO2 pathway.
Figure 11b, shows axial variation of NOx from the different path-
ways. In the near post flame zone, the contribution of NNH
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FIGURE 11: NOx VARIATION ALONG THE AXIS (LEFT) AND RADIAL
DIRECTION (AT X/Dcombs = 1) WITH DIFFERENT PATHWAYS FOR
PURE METHANE-AIR MIXTURE

pathway is higher than the thermal pathway. However, across the
flame in radial image, the thermal pathway contributes more than
the NNH pathway.It is to note that in Fig. 11 the Y-scales are
different for all three equivalence ratios. But for the lean mixture
of pure methane-air (q = 0.43), the contribution from N2O inter-
mediate is higher than other pathways in pre-heat zone and post
flame zone. The contribution from NNH pathway is also higher
than the thermal pathway because of comparatively low flame
temperature in the combustor. Similarly across the flame in ra-
dial image, N2O contribution is way higher than other pathways.
As the flame temperature increases in q = 0.55 case, the con-
tribution from thermal pathway reaches closer to N2O pathway
NOx formation along the axis as well as across the flame. The
crossing of Thermal pathway NOx production to NNH pathway
occur closer to the flame as equivalence ratio increases.

Figure 12 and 13 show the NOx formation through different
pathways along the axis of combustor and in radial direction
at 75 mm from dump inlet for 20% and 40% H2 addition at two
equivalence ratios, q =0.43 and 0.50, respectively. In Fig. 12a and
b, as the H2 content increases at lean equivalence ratio, q = 0.43,

FIGURE 12: NOx VARIATION ALONG THE AXIS (LEFT) AND RADIAL
DIRECTION (AT X/Dcombs = 1) WITH DIFFERENT PATHWAYS FORφ

= 0.43 WITH 20% AND 40% H2 CONTENTS BY VOLUME

Axial Radial at X/D = 1

Axial Radial at X/D = 1

FIGURE 13: NOx VARIATION ALONG THE AXIS (LEFT) AND RADIAL
DIRECTION (AT X/Dcombs = 1) WITH DIFFERENT PATHWAYS FORφ

= 0.50 WITH 20% AND 40% H2 CONTENTS BY VOLUME

the NNH pathway NOx formation increases than compare to pure
methane case (Fig. 11a). Further as the flamebecome shorter (213
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mmwith pureCH4 and 106 mmwith 40%H2 addition, across the
flame also in radial profile, theNOx formation become higher near
the flame zone. With H2 addition there are significant increase
in NOx formation through NNH pathway. Figure 13a and b show
NOx variation with 20% and 40% H2 addition at equivalence
ratio q = 0.50. At this equivalence ratio, with increase in H2,
the flame length significantly reduces from 138 mm to 50 mm as
well as flame temperature also increases slightly up to 5 ∼ 10 K at
each 10% H2 increase. The thermal and N2O intermediate NOx
formation increases with increase in H2 content, causes overall
slight increase in NOx emission. However, the NOx formation
because of NNH pathway does not change significantly as it was
contributing at leaner equivalence ratio.

5. CONCLUSION
In the current study, hybrid CFD-CRNmethod has been used

in single framework of Simcenter STAR-CCM+ 2019.2. Com-
bustion modelling is performed by FGM model in CFD along
with all three heat transfer modes. The exit temperatures and
flame front locations have been compared with experimental data
for five pure methane equivalence ratios as well as H2 enriched
methane-air flames at two equivalence ratios. With adequate
accuracy of CFD simulations, reactor network modelling is per-
formed for all the cases by using automated clustering algorithm
based on temperature, equivalence ratio and axial velocity. The
reactor networks are solved using PSRs; and CRN size inde-
pendence study have been performed for each test case. Pure
methane-air mixtures require up to 10000 PSRs to accurately
predict exit NOx, however for H2 enriched methane-air mixture,
larger CRN networks up to 20,000 PSRs are required. The CRN
solver in Simcenter STAR-CCM+ has been found advantageous
in solving large reactor networks with lesser computation time
e.g. 10000 PSRs can be solved as quick as 0.25 hour on a stan-
dard Intel i7 desktop. Exit NOx have been predicted close to
experimental data for all the case using CFD-CRN, while exit
CO have been predicted closer to experimental data, but have op-
posite trend than experimental trend with increase in equivalence
ratio, this trend is similar to CFD CO predictions. The detailed
NOx pathways study give insight ofNOx formation in pure andH2
enriched methane-air flame. In pure methane-air lean mixture at
q = 0.43, the N2O intermediate pathway significantly contribute
to NOx formation. As the equivalence ratio increases, the N2O
pathway contribution reduces as thermal contribution increases.
Other pathways prompt, NNH and NO2 does not change or con-
tribute significantly. The effect of increase in H2 content in the
mixture have different effect on different equivalence ratio. At
lean equivalence ratio (q = 0.43), increase in H2 content leads to
increase in NNH pathway percentage contribution and reduction
in N2O pathway contribution. At equivalence ratio q = 0.50,
there is small increase in thermal pathway, while proportional
decrease in N2O intermediate pathway.

To conclude, the reactor network module in current version
of Simcener STAR-CCM+ 2019.02 have advanges of: 1) solv-
ing and postprocessing CFD and CRN hybrid study in the same
framework, 2) automatically construction the reactor networks
using clustering algorithm on large domains 3) it can solve large
reactor network quickly by using efficient ODE integration of

CVODE solver. However, further enhancement in the later ver-
sions addressing followings can be very useful for future studies:
1) The CRN solver does not solve energy equation, 2) there is no
option to generate reactor network from time-averaged URANS
or LES data.
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